We report on reflectivity and transmission patterns resembling Newton rings at the surface of a broad range of dielectric materials upon irradiation with single femtosecond laser pulses. We demonstrate that the patterns are due to the formation of a submicrometer layer of modified material underneath the laser-irradiated region. This permanent layer acts as a low-finesse micro Fabry-Perot etalon, producing a system of dark and bright rings upon illumination with narrowband light, whose number and optical contrast are related to thickness and optical constants of the layer. We find that the appearance of Newton rings is a universal phenomenon in fs-laser irradiated inorganic dielectrics (amorphous and crystalline), polymers, and semiconductors above the ablation threshold. We demonstrate how this phenomenon can be exploited for characterization of the layer by studying in detail three different dielectric materials as model systems, namely, fused silica, quartz, and phosphate glass, at fluences above and below the ablation threshold. An analysis of the Newton rings allows quantifying in a simple way the sign and amount of the changes in the complex refractive index as well as the thickness of the laser-modified layer. This technique greatly helps in characterizing the often problematic residual surface layer produced in laser structuring applications and has the ability to serve as an in situ, real-time monitor for minimizing its thickness and optical changes.
INTRODUCTION
During the last decades, ultrashort laser pulses have proven to be powerful tools for surface micro-and nano-structuring [1, 2] as well as for the production of subsurface photonic and microfluidic devices [3] . This feature is related to their ability to ensure a deterministic coupling of energy enabled by their short pulse duration and corresponding high peak power, which also facilitates energy coupling inside dielectric materials by multiphoton or tunneling ionization mechanisms. These characteristics have been exploited for direct laser writing of optical waveguides in the bulk of numerous dielectric materials. Surface microstructuring of dielectrics has also emerged as a field of intense research and much effort has been spent on attempting to identify the optimum processing strategies for a broad variety of materials of interest [4] [5] [6] [7] [8] .
In most cases, permanent changes in the optical properties of the laser exposed material occur, which have been attributed to different laser-induced modifications such as amorphization [9, 10] , generation of defects [11, 12] , filamentation [13] , and ion migration [14] , all of which depend on the wavelength, duration, fluence, and repetition rate of the laser pulse [6, 15, 16] in addition to the material properties. While optical changes upon bulk processing of dielectrics for waveguide writing applications have been investigated in detail, less effort has been devoted to analyze optical changes at the material surface after ablation with fs laser pulses. Yet, it is reasonable to assume, and in some cases shown [17] , that these optical changes are related in some form to a thin surface layer formed on top of the laser-irradiated area.
In laser-irradiated semiconductors, however, the relation between optical changes and the properties of the remnant surface layer has been established and investigated long since [18] . Here a thin surface layer may undergo a permanent phase transition from the amorphous to the crystalline phase or vice versa. The different phases often have different optical properties, which are evidenced in the form of optical contrast in reflection microscopy images. In these studies, optical microscopy provides a rapid assessment tool to determine if a phase transition has occurred. More recently, the full potential of optical microscopy has been exploited by extracting the layer thickness at each position with help from modeling a multilayer optical system of interfering light waves, leading to a relative reflectivity increase or decrease depending on the layer thickness [19, 20] . In practice, the reflectivity pattern observed in laser-amorphized or crystallized semiconductors are Newton rings, although this is hardly ever stated since their number is generally limited to one [21] . This is caused by the small layer thickness and the strong attenuation caused by the typically high absorption coefficient of semiconductors at visible wavelengths. Interestingly, Newton rings are also observed transiently upon fs laser ablation of semiconductors and metals and are related to the optical properties of the ablating layer, whose expansion velocity and refractive index can be determined in that way using fs-microscopy [22, 23] .
In recent works, we have reported the observation of permanent Newton rings in a few dielectric materials exposed to single fs laser pulses [6, 24, 25] . While the number of rings is typically higher than in semiconductors, their optical contrast is much weaker, which is likely their reason for not having been analyzed and reported on before. Also, optical microscopy often employs white light illumination, which yields rings with poor interferential contrast compared with the narrowband illumination sources used in our studies.
In this manuscript, we demonstrate that the appearance of Newton rings is a universal phenomenon in inorganic dielectrics, transparent polymers, and semiconductors and can be exploited for quantification of the thickness and optical constants of the modified layer. By using relevant examples in three different dielectrics (amorphous, crystalline, and glassy), we show how the optical properties and thickness of the layer cannot only be determined but also tuned by changing the laser pulse duration.
EXPERIMENTAL
The laser used for the experiments was a commercial Ti:sapphire amplifier (Spitfire-Pro, Spectra-Physics), which produces transform-limited pulses of 100 fs pulse duration at 800 nm and a maximum energy per pulse of 1 mJ. Pulse stretching was performed using a homemade temporal pulse shaper specifically designed for amplified ultrashort laser pulses [15, 26] . In particular, using the shaper we have modulated the second-order coefficient of the Taylor expansion of the spectral phase to generate temporally stretched pulses by exploiting group delay dispersion. The temporal characterization of the amplified pulses was performed using a homebuilt polarization gate frequency-resolved optical gating system [27] .
For sample irradiation, a single temporally shaped laser pulse is sent through an energy control system, which combines a polarizer with a lambda half-wave plate. The pulse energy is monitored by using a photodiode cross calibrated with a power meter. Afterward, the s polarized laser beam is apodized using a 5 mm circular aperture and focused with a lens (f 80 mm) onto the sample surface at an angle of 54°to an elliptical Gaussian spot size (1∕e 2 intensity diameter) of 47.8 μm × 24.6 μm (further details can be found in [28] . The spot size was characterized by using the method described by Liu [29] ; besides, the laser output was inspected by using a CCD-based beam profiler (WinCam) in order to inspect the beam shape where no hotspots were observed.
The study was carried out in a wide range of materials, listed in Table 1 [24, 25, [30] [31] [32] [33] , covering a broad range of refractive indices n, absorption coefficients k, and optical bandgaps E g . Each irradiation was performed using a single pulse on a fresh region of the sample surface in order to avoid incubation effects. The sample surface was cleaned before and after the laser irradiation using acetone and ethanol in an ultrasonic bath (6 min with each solvent separately) [34] . Finally, the irradiated surface was inspected with an optical microscope in reflection and transmission (whenever possible) modes (Nikon Eclipse, 100× objective lens, NA 0.9), using different narrowband illuminations sources centered at 460 nm (FWHM 25 nm), 625 nm (FWHM 72 nm), and 800 nm (FWHM 10 nm). The topography of the ablated craters was measured with an optical interferometric microscope (Sensofar profiler, at 460 nm, 50× objective lens, NA 0.55, depth resolution < 1 nm).
RESULTS AND DISCUSSION
A. Newton Rings and Micro Fabry-Perot Interferometric System Figure 1 (a) shows optical microscopy images of a variety of different materials after irradiation with a single fs laser pulse above the ablation threshold. The materials include a range of crystalline and amorphous inorganic dielectrics as well as representative polymer (PMMA) and semiconductor materials (Si) (all listed in Table 1 together with their optical properties). Besides, for each material at the corresponding pulse duration employed, the fluence threshold related to the optical modification has been determined by taking into account the Gaussian spatial distribution of the laser along with the radial position where the change of the relative reflectivity observed in the images differs more than 0.1% the original. In all cases, dark or dark and bright rings can be observed within the irradiated region, whose number, width, and optical contrast depend on the material, pulse duration, and fluence. For the study shown in Fig. 1(a) , the pulse duration was adjusted individually to produce the largest optical contrast possible in order to best illustrate the interference effect for a given material. As we show in this paper, this ring structure represents a universal phenomenon associated with the formation of a thin laser-induced surface layer resulting in constructive and destructive interference of the light reflected from the surface with the light reflected from the layer interface, producing Newton rings. It is worth noting at this point that in all cases the experiments are performed in the intermediate ablation regime [35] with very shallow ablation depths. This implies strong attenuation of the part of the beam transmitted inside the material, which allows in principle discarding the presence of much deeper subsurface self-focused damage filamentary tracks.
As sketched in Fig. 1(b) , the optical multilayer system consists of three different media with two curved interfaces: air, laser-modified layer, and unaltered dielectric bulk. The resultant scheme can be considered as a simple low-finesse FabryPerot interferometer, where the resolidified layer acts as an etalon. In such configuration, Newton rings can be seen in reflection and transmission with inverted contrast (as seen in the sketch, showing experimental micrographs of phosphate glass), created by means of the coherent superposition of the multiple Fresnel reflection and transmission wavefronts.
In the following sections, we investigate in more detail the properties of the surface layer formed under different experimental conditions in three different materials, namely, fused silica, quartz, and phosphate glass.
B. Fused Silica (Amorphous SiO 2 )
A straightforward method to test if the observed ring structure has an interferometric origin is to record optical micrographs with different, narrowband illumination light sources. Figure 2 (a) shows micrographs of the same region in Fig. 1(a) for fused silica exposed to a single pulse of 560 fs FWHM at a fluence of F 12.2 J∕cm 2 , recorded with different illumination wavelengths (460 and 625 nm). While looking similar, it can be noticed that the rings in the 460 nm image are narrower and feature a large bright central disk, compared to the 625 nm image, showing broader rings and almost no central disk. This behavior is consistent with the scheme proposed in Fig. 1(a) .
We have analyzed the data quantitatively by plotting the corresponding radial reflectivity profiles of the images [ Fig. 2(b) ] and simulated the result using a simple optical multilayer model. In the model, the reflectivity at the air-material interface of a bilayer system consisting of a thin layer (modified material underneath the ablated crater) with modified optical constants [n layer λ, k layer λ] and thickness d on top of an infinite bulk unmodified material [n bulk λ, k bulk λ] is calculated as a function of d (maximum transformed layer thickness) using a computer program based on the theory of Abeles for calculating optical effects in multilayer systems [36] . By analyzing the number of rings (reflectivity maxima and minima) observed at the two different wavelengths λ 1 ; λ 2 , a first-guess value of d can be obtained. Adjusting the reflectivity values at the maxima and minima, and their corresponding positions (at the two wavelengths in a self-consistent manner), allows estimating the optical constants of the modified layer at both wavelengths and refining the value of d. Figure 2 (c) shows the simulation results of the reflectivity curves, yielding an increase of the wavelength-dependent absorption coefficient of the layer (with respect to the bulk material) of Δκ 460 nm 0.022 and Δκ 625 nm 0.027, while no change in the real part of the refractive index is observed, i.e., Δn o 0. We have to emphasize here that the two fitting parameters are uncoupled, i.e., they are unambiguous, provided that at least one full period of experimental reflectivity modulation is available. Moreover, as indicated above, comparison with the simulation allows determining the maximum layer thickness by counting the number of reflectivity oscillations, which yields a value of d ≈ 200 nm in the present case in Fig. 2(c) . Figure 2 (b) also includes the topography profiles of the ablation crater. A comparison with the corresponding reflectivity profiles allows drawing an important conclusion: The common onset of crater and reflectivity modulation at a certain spatial position implies that the surface layer is a by-product of the ablation process and not a photoinduced change of the absorption coefficient.
Ben-Yakar et al. [37] have investigated experimentally and theoretically the thermal and flow processes involved in ablation. In their model, the heating of the material below the ablating region due to heat conduction from the expanding plasma is explicitly considered. This effect is shown to lead to the formation of a thin melted layer below the surface of the ablated region, and their work reports a model for calculating the initial thickness and its dynamical evolution. Our results not only confirm their hypothesis but are actually able to experimentally quantify the thickness of the final layer and its modified optical properties. In this sense, our method provides the most practical information on the layer, its final state. At this point, it is worth noting that indeed the expanding plasma is capable to transfer of the order of 10% of the energy absorbed from the laser pulse to the sub-ablating layer [38] . This fact is often overlooked when considering an oversimplified approach where the heat-affected zone (HAZ) [39] in the interaction is only determined by the material thermal diffusivity (D) and the pulse duration (τ) with a scale length of the order of L 2 p Dτ. In a typical dielectric with a diffusivity of the order of 10 −6 m 2 s −1 , for a 100 fs pulse, L < 1 nm, while the observed depth of the transformed layer is well above 100 nm.
We have also investigated how this layer can be controlled by changing the pulse duration. For this purpose, the fluence was adjusted individually for each pulse duration in such a way that the diameters of the ablation craters were kept approximately constant. Figure 3 shows the resulting optical micrographs of irradiations produced in fused silica by single laser pulses with different durations. For a pulse duration of 130 fs, the optical contrast is quite weak but increases strongly for longer pulse durations, accompanied by material redeposition. The redeposited material decreases the visibility of the Newton rings, contaminates the region, and compromises the measurements for even longer pulse durations. While on the one hand, the debris leads to local disruptions of the ring structure, adding noise to the reflectivity profiles; on the other hand, it might lead to an overall decrease of the modulation depth. As a consequence, the change of the refractive index or absorption coefficient would be underestimated, whereas debris would not affect the maximum depth value determined. Using the model above described, the absorption coefficient can be calculated for each image, yielding the plot shown in Fig. 3 . Here Δκ shows a strong increase up to a pulse duration of 560 fs, where it saturates. The same procedure has been done for images recorded at 625 nm, showing a similar behavior for Δκ. The small wavelength dependence of the behavior might be related to the origin of the change of the absorption coefficient. Clear candidates for this role are fs laser-induced defects in fused silica as investigated by several groups [40] [41] [42] [43] .
In order to elucidate if the increase of the absorption coefficient is related to the formation of defects, we have thermally annealed the sample after irradiation. The annealing process was carried out in two steps. First, the sample was heated at 7°C/min up to 600°C, where it was kept constant for 1 h and cooled down for approximately 12 h. Next optical micrographs of the laser-irradiated regions were taken. In a second step, the same procedure was performed but reached a maximum temperature of 900°C. Figure 4 shows optical microscopy images of the same irradiation spot produced with a single 560 fs pulse (F ≈ 7.5 J∕cm 2 ) before and after the first and second annealing step. It can clearly be seen that, Fig. 3 . Optical microscopy images (λ illum: 460 nm, 40 μm × 25 μm) of irradiations produced in fused silica using laser pulses at different durations along with the absorption coefficient estimated for two different illumination wavelengths (460 and 625 nm) as a function of the pulse duration. The fluence for each irradiation as the pulse duration increases is 6. Fig. 4 . Optical micrographs for an irradiation produced in fused silica using a laser pulse at 560 fs. The sample images were recorded before (upper image) and after an annealing process, reaching a maximum temperature at 600°C (central image) and 900°C (lower image).
after the first step, the ring structure is intact but with a much lower optical contrast (OC before 15%, OC 600°C 5%). This implies that the layer thickness is unchanged (ring structure still visible) but that defect density has been strongly reduced. This observation is consistent with the behavior of E' defects and nonbridginoxygen-hole centers, which are reported to progressively relax when increasing the temperature up to 500°C [43] . After annealing at 900°C, the ring structure has disappeared (cf. Fig. 4 with 900°C label), except the most outer dark ring due to light scattering from the crater border. This disappearance is consistent with network reorganization [13] near the strain point of fused silica, T s 980°C.
C. Quartz (Crystalline SiO 2 )
We have performed an equivalent study in crystalline quartz in order to demonstrate that the phenomenon also occurs in crystalline dielectrics. Figure 5(a) shows an optical micrograph in reflection of region irradiated with a single 130 fs pulse. The appearance is different from the one observed in fused silica. It features a single black ring with strong contrast instead of a ring system starting with a bright ring as for fused silica [cf. Fig. 2(a) ]. The smaller number of rings straightforwardly points to a thinner layer, the different contrast being indicative of the different optical properties of layer. The interferometric origin of the ring is demonstrated by recording the corresponding transmission image [ Fig. 5(b) ], showing a bright ring with increased transmittance. The reflectivity profiles extracted from the optical images using three different illumination wavelengths are displayed in Fig. 5(c) . The reflectivity decrease is wavelength dependent, reaching the strongest modulation for 625 nm light with ΔR 625 nm ∕R o −0.25. The associated changes in the optical properties required to produce the observed reflectivity modulations can be calculated using the model described above. Figure 5(d) shows the result of the simulations, providing a remarkable match. The extracted optical constants of the layer indicate no change of the absorption coefficient but a pronounced decrease of the refractive index, which is slightly wavelength dependent: Δn∕n 460 nm −0.024; Δn∕n 625 nm −0.029; and Δn∕n 800 nm −0.020. We attribute the decrease in the real part of the refractive index upon fs laser irradiation to amorphization [9] of the laser-molten layer through rapid quenching. The excellent match of the relative positions of the individual minima with the calculation allows a reliable determination of the layer thickness, yielding a value d 125 nm [cf. dashed line in Fig. 5(d) ]. This value is smaller than that found in fused silica, which is likely related to the high melting point of quartz (T m 1700°C), the higher order of the multiphoton absorption process, and the fact that the latent heat for melting has to be provided by the laser deposited energy.
D. Phosphate Glass
In a previous work, we have reported on the quite peculiar response of phosphate glass to irradiation with single laser pulses with 100 fs duration [24] . At fluences below the ablation threshold, a thin laser-excited surface layer experiences lattice expansion, accompanied by a decrease of the refractive index and the appearance of Newton rings. Being a process confined to the sub-ablation regime, the Newton rings are limited to the region outside the ablation crater, which features surface swelling due to lattice dilatation. In the present work, we have investigated whether phosphate glass also features the universal phenomenon of a laser ablation-induced surface layer formation with modified optical properties. For this purpose, we have increased the pulse duration and observed that the material shows a gradual transformation. For the shortest pulse duration [ Fig. 6(a) ], sub-ablative swelling is observed with a neat outer structure where several rings are observed. In the inner ablated region, the number of rings decreases strongly. For the 950 fs pulse [ Fig. 6(b) ], sub-ablative swelling is not observed at the outer region of the ablated crater, and the number of rings in the ablated zone is relatively small. The larger number of Newton rings in the sub-ablative regime indicates a thicker transformed layer when compared with the ablation-induced one. This difference is likely related to the different melting mechanism of the modified layer, occurring via coupling of the laser-energy to the lattice via free-electron plasma in the sub-ablative case (light-induced process) or via diffusion of heat from the ablating layer to the material underneath in the ablating case (ablation-induced process). The irradiation produced with the 950 fs pulse has been studied using the same routine as before for fused silica and quartz. Figure 7 (a) shows microscopy images at 460 and 625 nm, demonstrating interference to be the origin of the ring structure. In particular, the ratio between the number of Newton rings and the illumination wavelength inside the material is preserved according to the ratio # λ1 ∕# λ2 λ 2 ∕λ 1 . The experimental reflectivity profiles, used as a target for fitting the calculations, are presented in Fig. 7(b) . The extracted optical properties for the surface layer yield a pronounced decrease of the refractive index (Δn∕n 460 nm −0.012y Δn∕n 625 nm −0.014) without changes in the absorption coefficient. These values are comparable with those extracted for a surface layer produced by irradiation with a 130 fs pulse below the ablation threshold (Δn∕n 460 nm −0.006y Δn∕n 625 nm −0.007). This suggests that, despite the fundamentally different origin of the melting processes (lightinduced versus ablation-induced), phosphate glass has a general tendency to resolidify in a lattice structure with reduced density when the process occurs very far from equilibrium (extremely high fictive) temperature. This result is perfectly consistent with results previously reported in the same glass that demonstrated that irradiation inside the material with equivalent laser pulses causes a decrease of the density and refractive index [24] .
Comparing the experimental reflectivity profile in Fig. 7 (b) with the simulation results allows us to extract the layer thickness at any position of the ablation crater. Figure 7(c) shows the experimental crater profile together with the extracted depth profile of the resolidified surface layer. It can be seen that, even for such a relatively shallow ablation crater (h < 100 nm), a relatively thick surface layer of d 300 nm is formed, featuring pronounced differences in the optical constants. This plot nicely illustrates quantitatively an inherent problem of surface laser processing applications in dielectrics, the formation of a significant surface layer. At the same time, it underlines the potential of the Newton ring analysis to monitor the thickness and properties of this layer. It is worth noting at this point that the depth extension of the HAZ due to the formation of an ablating layer lasting in the ps-to-ns time scales is well beyond that predicted when only the material thermal diffusivity and the pulse duration are considered.
CONCLUSIONS
We have demonstrated that the appearance of Newton rings at the surface of fs laser-ablated dielectrics is a universal phenomenon found in organic and inorganic crystalline and amorphous dielectrics, whose origin lies in the interference of light reflected from the interfaces of a laser-produced surface layer. By using standard optical microscopy with narrowband light sources, reflectivity and transmission images can be recorded and the optical properties and thickness of the surface layer extracted by modeling a simple optical multilayer system. Besides, we have investigated in more detail the layer properties for three different inorganic dielectric materials upon fs-laser pulse irradiation. For fused silica, we have found a pulse-length dependent increase of the absorption coefficient and could attribute this to the formation of point defects, which relax upon thermal annealing at ∼600°C. In crystalline quartz and phosphate glass, no change in the absorption coefficient was observed. Instead a pronounced decrease of the refractive index by a few percent occurred, which is consistent with amorphization (for quartz) and lattice dilatation (for phosphate glass). The results also show that the surface layer formed is not photoinduced but a by-product of the ablation process, leading to melting of a thin layer below the surface of the ablated region, which resolidifies in a different way with modified optical properties. The technique introduced here has the potential to monitor this layer and thus contribute to its minimization via adjustment of the laser parameters. 
